Abstract. In order to solve the problem of ultrasonic transmission attenuation in breast soft tissue, an ultrasound tomography algorithm based on time gain compensation (TGC) is presented. It is imaging of the breast with cylindrical motion of Piezoelectric Micromachined Ultrasonic Transducer (PMUT) linear array. The attenuation coefficients of the water, breast and mass were automatically evaluated by the spectral cross-correlation. Field II is used for simulation analysis, plus the detailed extraction process of attenuation coefficients and the influencing factors are provided. According to the acquired attenuation coefficients, and the pulse echo signal is compensated using TGC. The horizontal slice image is obtained. Experimental results show that this algorithm can effectively evaluate the attenuation coefficient of soft tissue. Besides, the size, location and boundary of breast masses can be detected. At the same time, using software to realize attenuation compensation is beneficial to the development of portable medical equipment.
Introduction
Recently, breast cancer is a common female cancer worldwide. To reduce the mortality rate, early screening for breast cancer is critical [1] [2] . The ultrasound energy decreases during the transmission of ultrasonic waves in the body [3] . The degree of ultrasound attenuation depends on the tissue of transmission and the type of ultrasound wave [4] . The attenuation coefficients of different tissues are different, and the attenuation is affected by the frequency [5] . The higher the frequency, the greater the attenuation. Ultrasound attenuation occurs during the forward propagation of the body and during the return of sound waves [6] . Therefore, the pulse echo intensity of deep tissue is significantly lower than its initial intensity [7] . The breast is made up of breast glands and other soft tissues without bones which would intensely attenuate and scatter transmitted signal energy [8] . In order to achieve accurate detection of breast masses and obtain more detailed internal characteristic information, TGC technology is usually used to compensate ultrasound attenuation. Whereas, the TGC technology is generally realized by hardware circuit, and it needs artificial adjustment of parameters and operator intervention. Therefore, it will have a very important impact on further improving the quality of ultrasonic tomography of the breast that the attenuation coefficients of different tissues can be automatically assessed and TGC can be achieved by means of software.
In this project, an improved ultrasound tomography algorithm based on the system with cylindrical motion of PMUT linear array is designed. The spectral cross-correlation is adopted to evaluate the attenuation coefficients. According to the acquired attenuation coefficients, and the pulse echo signal is compensated using TGC. The algorithm is validated by simulation and experiment.
Principles and Algorithms
R(f, z) represents the intensity of the backscattered RF signal, which is received by the PMUT. It can be represented as Eq.1 in the frequency domain:
where G(f) denotes the transmit pulse, and z represents the depth from the PMUT. The transmit pulse is commonly assumed to be Gaussian. A Gaussian-shaped envelope for the transmit pulse can be denoted as Eq.2 in the frequency domain:
where σ 2 represents the variance of the transmit pulse and f c denotes the center frequency. A(f, z) denotes the accumulated attenuation of the ultrasound in soft tissue. This attenuation is assumed linearly proportional to the frequency in dB, and can be represented as Eq.3.
( , ) = {−4 } (3) where β denotes the attenuation coefficient in Np/(MHz.cm). B(f) in Eq.1 represents the backscattered echo signals is modeled as a random process due to the large amount of random scattering in soft tissue [6] . B(f) is given by in an exponential form of the Taylor series expansion, and can be denoted by Eq.4. The closed form expression of spectral shift is derived from Eq.4 in the frequency domain [5] :
Higher-order terms of the Taylor series expansion are ignored in Eq.4. For human tissue, the typical values of n range from 1 to 2. S(f o ) denotes the cross-correlation function between two power spectra at different depths, it can be expressed as Eq.5.
(5) where z 1 and z 2 (z 1 < z 2 ) denote two different depths relative to the PMUT and f o represents the spectral shift. Since z1 and z2 are close, we can assume that the attenuation coefficients at depth z 1 and z 2 are similar. The cross-correlation algorithm is adopted, the spectral shift between the two power spectra is given by Eq.6.
Assuming that the variance of the gaussian emission pulse remains constant along the depth, the slope of downshift of the center frequency is expressed by Eq.8.
where σ 2 denotes the variance of the transmit pulse and z represents the depth from the PMUT. The f c (z) represents the center frequency of the power spectrum at depth z [4] . The propagation of ultrasonic waves in biological tissues decreases exponentially. If the attenuation is expressed in dB, it can be obtained from Eq.4. 
Ultrasound Simulation Procedure
In this paper, Field II is used to set the ultrasound transducer and sound Field parameters. The 1×128 linear array is used as the transmitting source. The center frequency is 5MHz and the bandwidth is 80% of the Gaussian pulse. In the experiment, the simulation region of interest is set as 40mm (width), 10mm (thickness) and 80mm (height) to obtain the original RF signal and perform algorithm verification analysis. In the simulation, the scattering is set within a depth of 0 to 80mm. In order to make the scattering characteristics of the simulation area similar to human soft tissue, the scattering density is set to 5/mm 3 . The scattering intensity in the background area is set as 1, and the circular strong scattering area is set at the imaging depth of 40mm, and the area radius is 10mm. The scattering intensity follows the standard normal distribution within the range of [-10,10]. The attenuation coefficient of the imaging area is set to 0.6 dB/ (MHz • cm). The attenuation mass phantom is established as shown in Figure 2(a) . It can be seen that the echo signal decreases gradually with the increase of depth due to attenuation and strong scattering effect. Therefore, it is necessary to compensate the attenuation of echo signal.
Estimation procedure of attenuation coefficient is shown in Figure 1 . Simulated RF data with a certain attenuation coefficient was generated. The whole RF data is divided into smaller 2D blocks to obtain consistent power spectrum. After the spectrum from the windowed segments within the 2D block is averaged, by means of short-time Fourier analysis, the block power spectrum was calculated. The block power spectrum is shown in Figure 1(a) . Each 2D blocks contains ten A-scan lines in the lateral direction. Each A-scan line is divided into segments with a 50% overlap in the depth direction furtherly. A Hamming window was utilized to minimize spectral leakage artifacts. The slope of attenuation coefficients is required by the application of a 50% overlap of the blocks along the depth and lateral directions, respectively. To decrease spectral noise artifacts in the power spectra, frequency smoothing by averaging adjacent frequency estimated was also adopted. The center frequency of each power spectrum is extracted, which changes along the depths is shown in Figure 1(b) . Assuming the shape of transmit pulse is generally a Gaussian at the center frequency. Hence, the full width half maximum FWHM from the power spectrum of backscattered RF signals is calculated, and the bandwidth specified by FWHM and the variance of the transmit pulse are obtained. The obtained FWHM is changed into a variance to calculate the estimated attenuation coefficient, because the relationship between the variance of Gaussian distribution and FWHM is certain. Estimated FWHM is shown in Figure 1(c) .
The spectral cross-correlation algorithm was applied to calculate the spectral shift between two consecutive power spectra. The spectral shift is equivalent to the center frequency downshift required by two adjacent estimates. The final estimated attenuation coefficient was calculated using Eq.7 as shown in Figure 1(d) . The average attenuation coefficient is 0.5791, while the theoretical value is 0.6 and the standard deviation is 0.0214.
TGC compensation analysis was performed on the original image using the average attenuation coefficient obtained from the evaluation. The original image without TGC is shown in Figure 2(a) . The compensated image with adaptive TGC is shown in Figure 2(b) . Simulation results show that this method can compensate the image and display more internal information. 
Results
The experiment platform is set up as shown in Figure 3 . According to circular scanning, an ultrasonic tomography algorithm based on adaptive TGC is realized. The algorithm process is as follows: 1) the storage of ultrasound pulse echo signal. 2) Butterworth filtering. 3) extraction of attenuation coefficient. 4) TGC. 5) envelope detection. 6) logarithmic compression. 7) coordinate transformation. 8) morphological process. The 1×128 PMUT linear array was utilized, which the center frequency is 3.5 MHz, and the bandwidth is 86.7%. The size of the breast model is 15.5cm×8cm with the 5 cm mass in the center. The experiments are conducted in the water tank and the temperature is 32 ℃ constantly. The ultrasound velocity is 1520m/s. The rotation interval is set to 2°. Each slice is composed of 180 A-scan lines, and the breast ultrasound tomography image was obtained as shown in Figure 4 . The mass size is about 5.1 cm in the center of the breast model. The contour of the breast model can also be distinguished, and the experimental results are basically consistent with the theoretical values. Slice without TGC compensation is shown in Figure 4 (a). Slice with adaptive TGC is shown in Figure 4(b) . By contrast analysis, the improved algorithm with the adaptive TGC can detect the internal mass clearly, thus the ultrasound attenuation is effectively compensated. 
Conclusions
In this paper, an ultrasound tomography algorithm based on time gain compensation (TGC) is realized. Simulation and Experimental results show that this algorithm can effectively evaluate the attenuation coefficient of soft tissue. Besides, the size, location and boundary of breast masses can be detected. At the same time, using software to realize attenuation compensation is beneficial to the development of portable medical equipment.
